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Abstract 
We have decoupled the intrinsic optical and electrostatic effects arising in monolayer and few-layer MoS2 
from those influenced by the flake-substrate interaction. Using ultrasonic force microscopy (UFM), we identify the 
change in the flake’s nanomechanical properties for the suspended and supported regions on a trenched substrate. 
These regions are correlated with Raman spectra of the flake and its surface potential as measured by scanning 
Kelvin probe microscopy (SKPM). Relative to the supported region, we observe an increase in surface potential 
contrast due to suppressed charge transfer for the suspended monolayer. For the monolayer region, Raman spectra 
differ for the supported vs suspended areas. The study of the effect induced by different substrates reveals a red shift 
of the E12g mode for monolayer MoS2 deposited on Si, consistent with a more strained MoS2 on the Si substrate 
compared to the Au substrate. 
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Introduction 
Layered transition metal dichalcogenides have attracted significant attention due to their potential 
applications in electronic and optical devices [1]. Molybdenum disulphide (MoS2) is one of the most stable layered 
materials of this class. In the bulk form this semiconductor material has an indirect band gap of ~1.29 eV and is used 
in a broad range of diverse applications, e.g. as a photocatalyst and dry lubricant, as well as for photovoltaic power 
generation [2] and photo-electrochemical hydrogen and Li ion batteries production [3]. Monolayer MoS2 has a ~1.75 
eV direct band gap and prominent electro- and photoluminescent properties, making it a likely candidate for 
applications in photodetectors and light-emitting devices operating in the visible range [4]. Additionally, monolayer 
MoS2-based field-effect transistors demonstrated very promising electronic characteristics, such as a large current 
on/off ratio and sub-threshold swing [5]. 
With a rapidly increasing interest in the development of ultrathin MoS2-based devices, measurement 
methods allowing for multifunctional characterisation of physical properties, easy identification of MoS2 layer 
number and interaction of the flakes with a substrate are in high demand. As electronic and optical properties of 
MoS2 are strongly thickness and layer-substrate interaction dependent [6], it is essential to precisely ascribe the 
measured parameters to individual layers. Here, we have used Raman spectroscopy, scanning Kelvin probe 
microscopy (SKPM) and atomic and ultrasonic force microscopy (AFM/UFM) for the mapping of mechanically 
exfoliated MoS2 flakes with domains of the different thickness with the aim to precisely correlate their optical, 
nanomechanical and electrostatic properties on the nanoscale as well as to explore the effect of interaction of MoS2 
flakes with a substrate. 
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Raman spectroscopy has been widely used to determine the number of graphene [7] and MoS2 layers, strain 
in both materials [8, 9] and, in a bulk form, identification of various crystalline forms of the material [10, 11]. For 
off-resonant laser lines (i.e. 532 nm), there are four well-defined first-order Raman active modes, which can be 
typically observed in bulk MoS2. The most prominent of them are the E12g mode (opposite in-plane vibration of two 
S atoms with respect to the Mo atom) and A1g mode (out-of-plane vibration of S atoms in opposite directions) [12]. 
It has been shown that for single- and few-layers MoS2 both of these modes are thickness-dependent and shift away 
from each other in frequency with increasing thickness [13], hence providing a convenient and reliable means for 
determining layer thickness with atomic-level precision [14-17]. 
Similarly, the work function or surface potential of layered materials is also strongly dependent on the 
number of layers [18]. While the Raman studies of MoS2 are relatively common, direct measurements of the 
screening length are comparatively rare and the role of the electrostatic coupling in layered materials is largely 
neglected, with an exception of graphene [19-21]. In previous works, thickness-dependent interlayer screening 
effects in MoS2 were measured by means of Electrostatic Force Microscopy [22] and SKPM [23] techniques. For 
example, it has been demonstrated that the surface potential of pristine MoS2 flakes decreased with increasing 
thickness (in tip-biased studies) and increasing with thickness (in sample-biased ones). Substrate related effects (i.e. 
trapped charges) and contamination caused by material processing can significantly affect the work function value 
[24, 25].  The estimated characteristic screening effects vary considerably in different studies, being within the length 
of ~5 nm (8 layers) [23] or ~30–50 nm [22]. In both cases the obtained screening length is significantly larger than 
in graphene, where a strong-coupling regime is achieved already at ~1–2 nm, albeit strongly depending on the initial 
charge density [18, 19]. However, in a recent experiment the screening length of ~2.96 nm was reported [24], making 
it similar to the one in graphene despite their significant differences in the conductivity and the electronic structure. 
Thus, the observed electrostatic properties of layered MoS2 were attributed to a weak-coupling regime leading to 
the reduced screening properties. 
UFM has been shown to be highly effective at determining the nanomechanical properties of MoS2, arising 
from both intrinsic structure and defects as well as from the sample-substrate interface [4]. The inter-layer coupling 
in MoS2 is largely dependent on layer stacking where properties such as folds can decrease the coupling strength by 
up to a factor of 5 [26]. This decrease in coupling strength between the layers will manifest itself as a decrease in 
the mechanical strength of the flake. The mechanical properties of MoS2 can also be greatly affected by the substrate 
properties and morphology. It has been shown that MoS2 deposited through mechanical exfoliation onto a layer of 
thermally oxidised SiO2 does not follow its nanoscale rough surface but instead adheres to the high points on the 
substrate [4]. This surface roughness affects the coupling of the flake to the surface and as such may cause a local 
variance in the flake’s mechanical and electrical properties [4, 25, 27]. Experimentally, variations in the Young’s 
modulus and pre-tension in MoS2 flakes have been observed and attributed to changing defect densities and adhesion 
to the substrate [27]. Using nanomechanical mapping by UFM [28, 29] one can observe the local mechanical 
properties, stresses [30] and adhesion of the multi-layer solid state structures [9, 31, 32] and, therefore probe the 
level of substrate-flake interaction and layer-layer interaction. Additionally, by studying suspended MoS2 films it is 
possible to eliminate the substrate flake interaction altogether and observe purely the effect of interlayer coupling of 
the flake on its mechanical properties. 
In this work we study the local optical, nanomechanical and electrostatic properties of single and few-layers 
MoS2 as measured by a combination of functional scanning probe microscopy techniques and Raman spectroscopy 
mapping. 
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Materials and Methods 
 
Sample preparation 
The MoS2 layers were produced by mechanical exfoliation from bulk crystals using the well-established 
‘scotch tape’ method [33], with the final exfoliation step performed using cross-linked adhesive polymer film (Gel-
pak® 4x adhesion) that does not leave surface residues. Single-, double- and few-layer MoS2 flakes were transferred 
onto uncoated and Au-coated (5 nm Cr/40 nm Au) Si/SiO2 substrates with 300 nm thick thermal silicon oxide on 
doped Si substrate. The substrates had narrow (150 to 200 nm wide) trenches through all depth of SiO2 produced 
using optical edge lithography described elsewhere [34]. Prior to use, substrates were cleaned in piranha solution 
(3:1 concentrated H2SO4 to 30% H2O2) and immediately before transfer by 98% Ar/2% oxygen plasma 
(PlasmaPrep2, Gala Instruments) for three minutes to remove any remaining organic material and facilitate 
attachment of the MoS2 to the surface. 
 
Scanning Kelvin probe microscopy (SKPM) 
The surface potential (VCPD) measurements have been performed by SKPM, which also provided 
information on sample morphology, as well as a quantitative determination of the local thickness of MoS2. The 
thickness of the flake was defined using the histogram method, allowing the highest accuracy of measurements of 
thin layers [35]. SKPM measurements were conducted in ambient conditions, on a Bruker Icon AFM, using Bruker 
highly doped Si probes (PFQNE-AL) with a force constant ∼ 0.9 N/m. Frequency-modulated SKPM (FM-SKPM) 
technique operated in a single pass mode has been used in all measurements. FM-SKPM operates by detecting the 
force gradient (dF/dz), which results in changes to the resonance frequency of the cantilever. In this technique, an 
AC voltage with a lower frequency (fmod= 3 kHz) than that of the resonant frequency (f0= 300 kHz) of the cantilever 
is applied to the probe, inducing a frequency shift. The feedback loop of FM-KPFM monitors the side bands, f0 ± 
fmod, of cantilever vibration and minimises them by applying an offset DC voltage which is recorded to obtain a 
surface potential map [36]. Sample-biased setup has been used in the present work. 
 
Raman spectroscopy 
Raman intensity maps were obtained using a Horiba Jobin-Yvon HR800 System. A 532-nm wavelength 
laser (2.33 eV excitation energy) was focused onto the sample through a 100  objective with Raman maps data 
taken with a spectral resolution of (3.1 ± 0.4) cm-1 and lateral spatial resolution of (0.4 ± 0.1) μm. The lateral spatial 
resolution was determined using Si calibration gratings with a period of 3 μm from the first derivative of Si 520 cm-
1 band scan lines extracted from the Raman map. The width of the 1st derivative peak obtained by fitting with a 
Gaussian is the lateral resolution.  
Laser power was kept to a minimum to avoid heat-induced damage to the sample [37, 38], which can also 
lead to broadening and shifting of the Raman peaks. Raman intensity maps for E12g and A1g modes were collected 
simultaneously by taking individual spectra on preselected areas across each flake. The Raman spectra were 
processed afterwards using Matlab software to fit the E12g and A1g peaks using single Lorentzians and the resulting 
frequency shifts plotted to yield frequency shift maps.  
 
Ultrasonic force microscopy (UFM) 
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UFM has previously shown to be highly sensitive to both the surface, subsurface and layer-interface 
structure of MoS2 [4], graphene [32] and other 2D materials [39]. UFM is a modification of standard contact mode 
AFM where the sample is oscillated at low amplitude (5-10 Å) and high frequency (4-5 MHz in our measurements). 
At these frequencies the cantilever (Contact-G, Budget Sensors) probes becomes dynamically extremely rigid 
resulting in periodic indentation of and separation from the sample. Resulting detection of the ultrasonic vibration 
via non-linear interaction forces between the probe and sample during an oscillation cycle is then strongly dependent 
upon the local mechanical structure of the sample [40] allowing effective non-destructive mapping of the 
nanomechanical properties with a lateral resolution of 2-3 nm.  
 
Results and Discussion 
 
Functional scanning probe microscopy 
Topography image of the exfoliated and transferred MoS2 flake on a gold substrate, containing regions of 
different thicknesses, is shown in figure 1(a). Thickness of individual regions has been defined using tapping mode 
AFM, where the 1st layer on the substrate has a thickness of ~1 nm. Consequent layers thicknesses have been 
estimated from a topographic line profile (figure 1(d)) considering an interlayer separation of 0.7 nm, yielding, 
correspondingly, 1, 5, 8 layers thickness and bulk (~40 layers). The vertical trench in the substrate is highlighted by 
an arrow. 
 
Topography SKPM – Surface Potential UFM - Nanomechanics 
   
  
 
Figure 1. (a) Topography, (b) SKPM surface potential and (c) UFM nanomechanical images of the MoS2 flake 
on Au substrate, the number of layers is indicated in (a). (d) Topography profile along the line indicated in (a). 
(e) Distribution of surface potential across regions of different thickness of MoS2 as indicated by the frame in (b). 
The green lines are result of the fitting for individual domains, the red line shows the overall fit.  
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Surface potential mapping was obtained simultaneously with topography imaging and is presented in figure 
1(b). For the entire MoS2 flake, VCPD value is significantly lower than that of the gold substrate, where VCPD value 
of a single layer is notably the lowest. The VCPD value increases with the layer thickness, consistent with literature 
[24], though the bulk value (as well as a part of the flake) is compromised by decoration of the surface by 
environmental adsorbates (also seen as bright clusters in figure 1(a)), leading to a decrease in surface potential of 
the MoS2 layers [24]. With this exception, distribution of the surface potential within each layer is relatively 
homogeneous within the 20 mV accuracy. Figure 1(e) demonstrates the distribution of the surface potential across 
an area of different thicknesses indicated by the frame in figure 1(b) and a histogram analysis of the acquired SKPM 
data over the enclosed area is presented next. The average values of the measured surface potentials on the different 
thickness domains are obtained by peak fitting, as indicated by the green lines in Figure 1(e), showing the individual 
resulting components. The results are best described by the fitting of three Lorentzian peaks, corresponding to the 
areas of 1, 5 and 8 MoS2 layers with their absolute VCPD values being -106, -62 and -33 mV, respectively. The 
assignment of individual domains thicknesses to the deconvoluted peaks in the histogram has been made in 
correlation with the level of contrast in the associated SKPM image, with the most intense peak corresponding to 
the brightest contrast in the surface potential image.     
Using these absolute values for the contact potential difference and a work function of 4.5 eV for the 
scanning tip [41], the work function can be estimated according to 𝛷𝑠𝑎𝑚𝑝𝑙𝑒 =  𝛷𝑡𝑖𝑝 + 𝑉𝐶𝑃𝐷, resulting in 4.39 eV, 
4.44 eV and 4.47 eV for 1, 5, and 8 layers, respectively, consistent with the values reported by Ochedowski et 
al. [24]. However, a significantly larger value (up to 5.25 eV) for bulk MoS2 was used by others, see e.g. Ref. [23]. 
It should also be noted that although an opposite thickness-dependent trend of the surface potential was 
experimentally observed in Ref. [22, 23], this discrepancy arises from the use of different type of biasing (tip or 
sample biasing) in the SKPM setup.  
UFM-derived nanomechanical mapping (figure 1(c)) shows stiffness variations arising from both the MoS2 
flake thickness, the local sample-substrate interface and the interlayer coupling; these sources may be interlinked, 
for example significantly more variation are observed in the monolayer region compared to the thicker areas of 
material (figure 1(c)), where brighter contrast corresponds to more mechanically stiff areas. Here the trench can be 
clearly seen as the black line (zero signal) running across the flake under its surface; zero UFM signal indicates 
complete local decoupling of the sample from the substrate and allows us to precisely mark the transition from 
supported to suspended MoS2. Small dark points on the monolayer region correspond to surface contamination of 
the flake and not delaminated MoS2 (bright trench contrast outside of flake MoS2 footprint is an artefact associated 
with a steep and high edge). Regions of different thickness are easily identified and generally uniform UFM response 
within each region suggests an excellent MoS2-substrate contact. 
Observed in all imaging modes (figure 1 (a-c)) the contamination at the bulk part of the flake arises from 
absorbed water and other airborne molecules, as MoS2 is mildly hydrophilic and sensitive to atmospheric water 
vapour. Annealing of the flake led only to partial disappearance and redistribution of this contamination. Due to 
MoS2 polarity and hydrophilicity, the effect of atmospheric species can be rather strong, e.g. through the formation 
of hydrogen bond with water molecules. Such adsorbates act as charge trappers, affecting the surface potential and 
charge distribution at ambient atmosphere. A cleaning procedure using contact AFM and soft cantilevers, similar to 
the one described in Goosens et al. [43], has been employed, however no significant improvement in the flake 
appearance was noticed after a few cleaning cycles.  
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Raman mapping: thickness dependence 
Raman maps of E12g and A1g modes were obtained using 532-nm laser line for a flake containing domains 
of 1L, 2L, 3L and 7L thickness on Si (figure 2). Corresponding maps of the frequency shift and intensity are shown 
in figures 2 (a,b) and 2 (c,d), respectively. The maps demonstrate that both the frequency shift and intensity maps 
are thickness-dependent, allowing one to use such maps for a clear identification of the layer number. 
 
 
Spatial maps of the Raman frequency shift for the E12g and A1g modes (figures 2 (a, b)) demonstrate that 
the E12g vibration softens (red shift), while the A1g vibration stiffens (blue shift) with increasing sample thickness. 
For example, in figure 2(a) the E12g mode has lowest contrast for 1L thickness and highest for the thicker material, 
indicating the red shift for the latter. Conversely, the opposite trend is observed for the A1g mode map (figure 2 (b)), 
where the 1L domain has the brightest and the bulk area – the darkest contrast, indicative of the blue shift for the 
thicker material.  
In order to further quantify Raman maps, we extract individual Raman spectra obtained on flakes of 
different thickness. Typical Raman spectra highlighting the region of E12g and A1g modes are shown in figure 2 (e). 
The dependence of peak position on the number of layers is plotted in figure 2 (f). The Raman shift between E12g 
and A1g modes, which becomes generally larger with layer number, is in good agreement with literature [13-17]. 
Intensity maps of E12g and A1g modes are shown in figures 2 (c) and 2 (d), respectively. For both types of vibrations, 
the intensity increases with thickness between 1L through to 7L. The widths of the peaks are generally independent 
on the layer thickness for small number of layers, with peaks becoming narrower for bulk MoS2, also in agreement 
with previous results [14].  
Raman frequency shift maps Raman intensity maps 
    
   
Figure 2. Raman frequency shift (a, b) and intensity (c, d) maps of E12g (a, c) and A1g (b, d) peaks for the 
MoS2/Si flake with 1, 2, 3, and 7 layers domains. (e) Representative Raman spectra for different thicknesses of 
the MoS2 flake. (f) Thickness-dependent Raman shifts of E12g and A1g modes for MoS2 flakes on Au and Si 
substrates. (g) Line widths of E12g and A1g modes for MoS2 on Au and Si substrates as a function of the number 
of layers.  
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 Comparison of the influence of a metallic substrate (Au), relative to the semiconducting one, on the 
vibrational properties of the MoS2 is summarised in figure 2 (f). Here, the difference between the E12g and A1g peak 
positions for 1L is comparable for both substrates: Au = 19.7 cm-1 and Si = 19.3 cm-1. However, a noticeable 
red shift is observed for both E12g and A1g modes when MoS2 is deposited on Si in comparison with the Au substrate. 
This observation is consistent with a more strained MoS2 on the Si substrate compared to the Au one, as it was 
shown that tensile strain is associated with a red shift of the Raman E12g mode for monolayer MoS2 [24]. At the same 
time, for single layer MoS2 on Au, the A1g peak becomes sharper and E12g broader than for single layer MoS2 on Si. 
It would be interesting to examine how the surface potential is affected by strain of the flake, however due to the 
semi-insulating nature of the Si substrate giving rise to charging of the flake during scanning, SKPM data has only 
been acquired on the Au substrate, so a direct comparison is not possible based on the current data.   
 
Raman mapping: comparison of supported vs suspended MoS2 
Furthermore, we studied the effects on the vibrational spectra and surface potential of the different MoS2 
thickness regions arising from the supported (on Au substrate) or suspended (over a channel in the same substrate) 
nature of the flake. For this, we compare the Raman spectra of supported and suspended 1L and 8L MoS2 regions 
(figure 3) of the same flake as shown in figure 1. Corresponding images for Raman intensity and shift are shown in 
figure 3 (a, b) and 3 (c, d), respectively.  Overall, the image demonstrates the same thickness-dependent tendencies 
as discussed above for MoS2 on Si. However, the trend is not observed for the E12g mode in the bulk domain (figure 
3 (c)), which might be explained by contamination of the representative area. In order to elucidate the effect of the 
substrate, we compare averaged Raman spectra taken over identical areas (highlighted by the frames in figure 3 (d)) 
on 1L and 8L flakes and positioned either on the supported part of the flake or over the channel (see schematics in 
figure 3 (d)). For consistency, the area was kept constant for all considered cases. Characteristic Raman spectra are 
presented in figure 3 (e). An increase in intensity is observed for suspended regions with respect to the supported 
ones, as seen for both E12g, A1g modes, but more pronounced for the out-of-plane one. It should be pointed out that 
the channel in the substrate is narrower than the lateral spatial resolution of the Raman system and so, the resultant 
spectra show a mixed contribution from the material suspended over the channel and adjacent regions supported on 
the Au substrate. Raman intensities are known to be sensitive to the orientation of single crystals in relation to the 
scattering geometry [42]. Since our measurements are averaged over an area larger than the width of the channel, a 
misalignment of the crystal plane for the suspended MoS2 in respect to the area of the flake supported by the Au 
substrate is unlikely to be solely accounted for the increase in intensity we observe. Another possible reason could 
be due to interference effects caused by multiple reflections of the laser beam at the edges of the channel, as it is 
well recognized that optical interference effects have a strong impact on the intensity of Raman spectra, as shown 
e.g. for graphene [46]. Contrary to our observations, for monolayer MoS2, calculations of the enhancement factor of 
Raman peak intensity due to optical interference effects show a stronger Raman response for supported 
configurations than for suspended ones [47]. This could point to a different mechanism giving rise to the increase in 
intensity we observe, possibly based on emission and absorption effects at the edges of the channel and the metallic 
nature of the substrate as compared to the dielectric ones usually employed for graphene and other 2D materials.  
Furthermore, we also observe an increased Raman signal at the channel edge in the bare substrate not associated 
with the flake, which could be an indication of SERS-like enhancement, as many nanoscale-textured metallic 
surfaces have been found capable of producing strong electromagnetic fields that give rise to SERS enhancements. 
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The enhancement could be caused by the polarization of the incident laser light possibly resonating with the narrow 
Au channel to give an enhancement of the absorption and scattering processes cross sections [48].  
However, no notable change in the frequency shift has been measured over the suspended areas relative to 
the supported ones. 
 
Raman intensity maps 
  
Raman frequency shift maps 
  
 
 
Figure 3. Raman intensity (a, b) and frequency shift (c, d) maps of E12g 
(a, c) and A1g (b, d) peaks for the MoS2/Au flake with 1, 5, 8 layers and 
bulk domains. (e) Comparison of Raman spectra for 1L and 8L domains 
taken from the areas highlighted in (d). 
 
Raman maps also demonstrate that the signal for both vibrational modes, while being generally 
homogeneous within each individual supported flake, shows a change of the contrast at the flake border. This is 
manifested as an increase of intensity of both E12g and A1g modes. The effect is evident for thicker flakes, however 
is less pronounced for 1L MoS2. For Raman shifts the behaviour is more complex, i.e. the E12g mode is characterised 
by a darker contrast (i.e. experiences a blue shift), whereas the A1g mode demonstrates a brighter one (i.e. experiences 
a red shift) at the edges of individual flakes. This behaviour is opposite to the thickness-dependent trends as observed 
above and likely to reflect the defective nature and possible inhomogeneity of the chemical composition of the flake 
boundaries due to adsorption of adatoms and creation of vacancy defects [43, 44]. 
 9 
 
Comparison of UFM and SKPM responses for the different MoS2 layer thicknesses (1L, 5L and 8L areas) 
over the supported/suspended transition region (figure 4 (a-c)), shows a clear peak (enhanced surface potential 
contrast) in the surface potential (blue dashed lines) over the UFM identified trench (black solid line) for the 1L 
regions, smaller changes are observed for the thicker 5L and 8L regions. For comparison, figure 4 (d) demonstrates 
the increase of the Raman intensity for both main modes over the same region of MoS2.  
 
1 Layer 5 Layers 8 Layers 
   
 
  
Figure 4. Comparison of UFM nanomechanical (black solid lines) and SKPM surface potential (blue dashed 
lines) responses in the 1 layer (a); 5 layer (b) and 8 layer (c) regions and corresponding traces across the Raman 
intensity maps (d) for the E12g and A1g modes (red and green lines, corresponding to maps in figures 3(a) and (b) 
respectively). The position of the trench is represented by the grey shaded area. 
 
Surface potential data arising from comparison of the supported and suspended regions are shown in Table 
I. It is noteworthy that the area of unsupported single layer MoS2 above the channel is characterised by an enhanced 
surface potential contrast, i.e. ~ 100 mV increase as compared to the main part of a single flake. This is most likely 
due to suppressed charge transfer for the suspended monolayer compared to the supported one [22, 24]. The effect 
of the trench is significantly less pronounced in the case of thicker (5L and 8L) flakes.  
 
Table I. Average enhanced surface potential contrasts between the 
supported and suspended regions of the MoS2. 
MoS2 thickness 
Increase in surface potential contrast 
Absolute change % change 
1 Layer 94  ± 7 mV (67 ± 5%) 
5 Layers 39 ± 17 mV (53 ± 23%) 
8 Layers 41 ± 4 mV (98 ± 10%) 
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The width of the trench as observed by UFM is typically ~150 nm for both the 1 and 5 layer regions and 
~190 for the 8 layer region, in good correlation with the SKPM surface potential peaks. Apparent broadening of the 
trench in thicker regions is well known due to increased mechanical rigidity of the thicker flake. However, for E12g 
and A1g Raman modes the increased intensity corresponding to the suspended region is in the range 410-540 nm. 
The broader response profile in figure 4(d) is due to lower spatial resolution of the Raman spectroscopy as compared 
with AFM-based techniques. As a result, mixing of the signal from suspended and supported areas occurs and the 
possible effect of the channel might be reduced.  
 
Conclusions 
In conclusion, we have performed a comprehensive study of the optical, nanomechanical and electrostatic 
properties of MoS2 in dependence on the layer thickness and sample-substrate interaction. Using subsurface sensitive 
UFM mapping we have identified the change in the nanomechanical properties of the MoS2 flake indicating effect 
of the substrate for a range of flake thicknesses (1, 5 and 8 layers) and correlated these regions with SKPM derived 
surface potential and Raman mapping. We observe an increase in the surface potential contrast for suspended regions 
of all thicknesses relative to the supported areas, with the monolayer region demonstrating a ~100 mV (~67%) 
increase, which is believed to be due to suppressed charge transfer for the suspended monolayer compared to the 
supported one. Furthermore, a corresponding increase in Raman intensity for the E12g and A1g modes is observed for 
the monolayer region but not for thicker regions of the flake. This thickness-dependent enhancement arises due to a 
different crystal orientation on the suspended area compared to the supported region of the monolayer flake. 
Additionally, we demonstrate a noticeable red shift for both E12g and A1g modes when MoS2 is deposited on Si in 
comparison with the Au substrate. This observation is consistent with a more strained state of the MoS2 flake on the 
Si substrate. 
These results provide a detailed understanding of the layer properties, which are essential for potential 
optoelectronic applications by decoupling the optical and electrostatic properties of MoS2 from substrate-induced 
effects. 
 
Acknowledgements 
Authors acknowledge support of EC grants Graphene Flagship (No. CNECT-ICT-604391), FUNPROB, 
GRENADA, and EMRP under project GraphOhm, EPSRC grants EP/G015570 and EP/K023373/1, NMS under the 
IRD Graphene Project and NowNANO Doctoral Training Centre. Authors thank Dr Spyros Yannopoulos for useful 
discussions on Raman spectroscopy and Dr Mark Rosamond and Dr Dagou Zeze for supplying the trenched 
substrates.  
 
  
 11 
 
References 
 
[1] Geim A K and Grigorieva I V 2013 Van der Waals heterostructures Nature 499 419-25 
[2] Fontana M, Deppe T, Boyd A K, Rinzan M, Liu A Y, Paranjape M and Barbara P 2013 Electron-hole 
transport and photovoltaic effect in gated MoS2 Schottky junctions Sci. Rep. 3 
[3] Stephenson T, Li Z, Olsen B and Mitlin D 2014 Lithium ion battery applications of molybdenum disulfide 
(MoS2) nanocomposites Energy & Environmental Science 7 209-31 
[4] Sercombe D, Schwarz S, Del Pozo-Zamudio O, Liu F, Robinson B J, Chekhovich E A, Tartakovskii, II, 
Kolosov O and Tartakovskii A I 2013 Optical investigation of the natural electron doping in thin MoS2 
films deposited on dielectric substrates Sci Rep 3 6 
[5] RadisavljevicB, RadenovicA, BrivioJ, GiacomettiV and KisA 2011 Single-layer MoS2 transistors Nat Nano 
6 147-50 
[6] Sercombe D, Schwarz S, Del Pozo-Zamudio O, Liu F, Robinson B J, Chekhovich E A, Tartakovskii, II, 
Kolosov O and Tartakovskii A I 2013 Optical investigation of the natural electron doping in thin MoS2 
films deposited on dielectric substrates Sci Rep 3 
[7] Ferrari A C, Meyer J C, Scardaci V, Casiraghi C, Lazzeri M, Mauri F, Piscanec S, Jiang D, Novoselov K 
S, Roth S and Geim A K 2006 Raman Spectrum of Graphene and Graphene Layers Physical Review Letters 
97 187401 
[8] Ni Z H, Wang Y Y, Yu T and Shen Z X 2008 Raman Spectroscopy and Imaging of Graphene Nano 
Research 1 273-91 
[9] Trabelsi A B G, Kusmartsev F V, Robinson B J, Ouerghi A, Kusmartseva O E, Kolosov O V, Mazzocco 
R, Marat B G and Oueslati M 2014 Charged nano-domes and bubbles in epitaxial graphene Nanotechnology 
25 165704 
[10] Verble J L and Wieting T J 1970 Lattice Mode Degeneracy in MoS2 and Other Layer Compounds Phys. 
Rev. Lett. 25 362-5 
[11] Chen J M and Wang C S 1974 Second order Raman spectrum of MoS2 Solid State Commun. 14 857-60 
[12] Bertrand P A 1991 Surface-phonon dispersion of MoS2 Physical Review B 44 5745-9 
[13] Lee C, Yan H, Brus L E, Heinz T F, Hone J and Ryu S 2010 Anomalous Lattice Vibrations of Single- and 
Few-Layer MoS2 ACS Nano 4 2695-700 
[14] Li H, Zhang Q, Yap C C R, Tay B K, Edwin T H T, Olivier A and Baillargeat D 2012 From Bulk to 
Monolayer MoS2: Evolution of Raman Scattering Adv. Funct. Mater. 22 1385-90 
[15] Zhao Y, Luo X, Li H, Zhang J, Araujo P T, Gan C K, Wu J, Zhang H, Quek S Y, Dresselhaus M S and 
Xiong Q 2013 Interlayer Breathing and Shear Modes in Few-Trilayer MoS2 and WSe2 Nano Lett. 13 1007-
15 
[16] Li H, Yin Z, He Q, Li H, Huang X, Lu G, Fam D W H, Tok A I Y, Zhang Q and Zhang H 2012 Fabrication 
of Single- and Multilayer MoS2 Film-Based Field-Effect Transistors for Sensing NO at Room Temperature 
Small 8 63-7 
[17] Rice C, Young R J, Zan R, Bangert U, Wolverson D, Georgiou T, Jalil R and Novoselov K S 2013 Raman-
scattering measurements and first-principles calculations of strain-induced phonon shifts in monolayer 
MoS2 Physical Review B 87 081307 
 12 
 
[18] Datta S S, Strachan D R, Mele E J and Johnson A T C 2008 Surface Potentials and Layer Charge 
Distributions in Few-Layer Graphene Films Nano Lett. 9 7-11 
[19] Kuroda M A, Tersoff J and Martyna G J 2011 Nonlinear Screening in Multilayer Graphene Systems Phys. 
Rev. Lett. 106 116804 
[20] Sanchez-Yamagishi J D, Taychatanapat T, Watanabe K, Taniguchi T, Yacoby A and Jarillo-Herrero P 2012 
Quantum Hall Effect, Screening, and Layer-Polarized Insulating States in Twisted Bilayer Graphene Phys. 
Rev. Lett. 108 076601 
[21] Panchal V, Giusca C, Lartsev A, Yakimova R and Kazakova O 2014 Local electric field screening in bi-
layer graphene devices Frontiers in Physics 2 
[22] Castellanos-Gomez A, Cappelluti E, Roldán R, Agraït N, Guinea F and Rubio-Bollinger G 2013 Electric-
Field Screening in Atomically Thin Layers of MoS2: the Role of Interlayer Coupling Adv. Mater. 25 899-
903 
[23] Li Y, Xu C-Y and Zhen L 2013 Surface potential and interlayer screening effects of few-layer MoS2 
nanoflakes Appl. Phys. Lett. 102 - 
[24] Ochedowski O, Marinov K, Scheuschner N, Poloczek A, Bussmann B K, Maultzsch J and Schleberger M 
2014 Effect of contaminations and surface preparation on the work function of single layer MoS2 Beilstein 
Journal of Nanotechnology 5 291-7 
[25] Kay N D, Robinson B J, Fal’ko V I, Novoselov K S and Kolosov O V 2014 Electromechanical Sensing of 
Substrate Charge Hidden under Atomic 2D Crystals Nano Letters  
[26] Castellanos-Gomez A, van der Zant H J and Steele G 2014 Folded MoS2 layers with reduced interlayer 
coupling Nano Research 7 1-7 
[27] Castellanos-Gomez A, Poot M, Steele G A, van der Zant H S J, Agrait N and Rubio-Bollinger G 2012 
Elastic Properties of Freely Suspended MoS2 Nanosheets Advanced Materials 24 772-+ 
[28] Dinelli F, Assender H E, Kirov K and Kolosov O V 2000 Surface morphology and crystallinity of biaxially 
stretched PET films on the nanoscale Polymer 41 4285-9 
[29] Kolosov O and Yamanaka K 1993 Nonlinear detection of ultrasonic vibrations in an atomic-force 
microscope Japanese Journal of Applied Physics Part 2-Letters 32 L1095-L8 
[30] Kolosov O V, Castell M R, Marsh C D, Briggs G A D, Kamins T I and Williams R S 1998 Imaging the 
elastic nanostructure of Ge islands by ultrasonic force microscopy Physical Review Letters 81 1046-9 
[31] McGuigan A P, Huey B D, Briggs G A D, Kolosov O V, Tsukahara Y and Yanaka M 2002 Measurement 
of debonding in cracked nanocomposite films by ultrasonic force microscopy Applied Physics Letters 80 
1180-2 
[32] Robinson B J, Rabot C, Mazzocco R, Delamoreanu A, Zenasni A and Kolosov O V 2014 Nanomechanical 
mapping of graphene layers and interfaces in suspended graphene nanostructures grown via carbon 
diffusion Thin Solid Films 550 472-9 
[33] Minkel J 2007 D.I.Y. Graphene: How to Make One-Atom-Thick Carbon Layers With Sticky Tape 
Scientific American  
[34] Rosamond M C, Gallant A J, Petty M C, Kolosov O and Zeze D A 2011 A Versatile Nanopatterning 
Technique Based on Controlled Undercutting and Liftoff Advanced Materials 23 5039-44 
[35] Burnett T L, Yakimova R and Kazakova O 2012 Identification of epitaxial graphene domains and adsorbed 
species in ambient conditions using quantified topography measurements J. Appl. Phys. 112 054308 
 13 
 
[36] Panchal V, Pearce R, Yakimova R, Tzalenchuk A and Kazakova O 2013 Standardization of surface 
potential measurements of graphene domains Sci. Rep. 3 2597 
[37] Sahoo S and Arora A K 2010 Laser-Power-Induced Multiphonon Resonant Raman Scattering in Laser-
Heated CdS Nanocrystal The Journal of Physical Chemistry B 114 4199-203 
[38] Gupta R, Xiong Q, Adu C K, Kim U J and Eklund P C 2003 Laser-Induced Fano Resonance Scattering in 
Silicon Nanowires Nano Lett. 3 627-31 
[39] Robinson B J, Kay N D and Kolosov O V 2013 Nanoscale Interfacial Interactions of Graphene with Polar 
and Nonpolar Liquids Langmuir 29 7735-42 
[40] Robinson B J and Kolosov O V 2014 Probing nanoscale graphene-liquid interfacial interactions via 
Ultrasonic Force Spectroscopy Nanoscale  
[41] Panchal V, Pearce R, Yakimova R, Tzalenchuk A and Kazakova O 2013 Standardization of surface 
potential measurements of graphene domains Sci Rep 3 
[42] Turrell G 1972 Infrared and raman spectra of crystals (London and New York: Academic Press) 
[43] Zhou W, Zou X, Najmaei S, Liu Z, Shi Y, Kong J, Lou J, Ajayan P M, Yakobson B I and Idrobo J-C 2013 
Intrinsic Structural Defects in Monolayer Molybdenum Disulfide Nano Lett. 13 2615-22 
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